Increasing numbers of Campylobacter hyointestinalis have been isolated from humans and animals with gastroenteritis, although the virulence mechanism of this species remains largely unknown. Here, we show that C. hyointestinalis isolated from a patient with diarrhoea in Thailand produced a novel variant of cytolethal distending toxin (CDT). Sequencing of a 13 965 bp genomic region of C. hyointestinalis carrying the genes coding for Ch-CDT revealed three ORFs of 798, 804 and 537 bp, which code for the Ch-CdtA, Ch-CdtB and Ch-CdtC subunits, respectively. The deduced amino acid sequence of Ch-CdtA showed ,38.9 % homology with the CdtA of Campylobacter coli, but sequences of Ch-CdtB and Ch-CdtC were homologous to CdtB (65.7 %) and CdtC (33.1 %) of Campylobacter upsaliensis, respectively. Filter-sterilized sonic lysate of C. hyointestinalis demonstrated distension and death of HeLa cells by arresting the cell cycle at the G 2 /M phase and phosphorylation of host histone H2AX, a sensitive marker of DNA double-strand breaks. Rabbit antiserum raised against recombinant Ch-CdtB was not reactive against the recombinant CdtB protein of Campylobacter jejuni. A reconstituted Ch-CDT holotoxin prepared using each of the recombinant subunit proteins demonstrated distension and death of HeLa cells, suggesting that the C. hyointestinalis isolate indeed produced functionally active Ch-CDT. Furthermore, the immunological distinctiveness of the Ch-CDT produced by C. hyointestinalis and the increasing prevalence of the species in patients and animals with gastroenteritis suggest that this species may be an important emerging zoonotic pathogen.
INTRODUCTION
Campylobacter species are a leading cause of gastroenteritis in humans in developed and developing countries. It has been reported that these organisms are also associated with extra-gastrointestinal infections such as GuillainBarré syndrome, haemolytic uraemic syndrome, pancreatitis, reactive arthritis and sepsis (Man, 2011) . The genus Campylobacter at present consists of at least 25 species, of which 17 have been isolated from patients suffering from gastrointestinal diseases and extra-gastrointestinal manifestations (Man, 2011) . Epidemiological studies suggested that w95 % of Campylobacter species isolated from patients with diarrhoea are Campylobacter jejuni and Campylobacter coli (Yokoyama, 2006) . However, current isolation methods employed in many clinical laboratories are targeting isolation of C. jejuni and C. coli by using selective media including antibiotics (Gharst et al., 2013) . Therefore, the prevalence of Campylobacter species other than C. jejuni and C. coli might be underestimated. Indeed, increasing numbers of Campylobacter species other than C. jejuni and C. coli, such as Campylobacter concisus, Campylobacter upsaliensis and Campylobacter hyointestinalis, have been isolated from patients with diarrhoea when non-selective media are used and cultured under microaerobic conditions with hydrogen (Lastovica & Le Roux, 2000; Prouzet-Mauléon et al., 2006; Vandenberg et al., 2004) .
Although the exact mechanisms of Campylobacter pathogenesis are still unclear, flagella-mediated motility, adherence to intestinal epithelial cells, protein secretion by type IV and VI secretion systems, intracellular survival, and toxin production have been reported to be virulence determinants for many Campylobacter species (Man, 2011; Dasti et al., 2010) . Although cytolethal distending toxin (CDT) is one of the most well-characterized toxins in many Campylobacter species, the virulence factor for C. hyointestinalis remains largely unknown except for an uncharacterized cytotoxin (Ohya & Nakazawa, 1992) . A part of the CDT gene (cdt) was detected in C. hyointestinalis by PCR (Pickett et al., 1996) ; however, it was not clear whether the entire cdt gene cluster is present in this organism and producing biologically active CDT. Asakura et al. (2007) found that cdt genes are widely distributed in C. jejuni, C. coli and Campylobacter fetus in a speciesspecific manner. Based on the findings, we developed a cdt gene-based species-specific multiplex PCR for the detection of C. jejuni, C. coli and C. fetus (Asakura et al., 2008) . We also designed and utilized a common primer set for the detection of the cdtB gene in C. jejuni, C. coli and C. fetus (Asakura et al., 2007; Samosornsuk et al., 2007) .
A Campylobacter isolate that was obtained from a patient with diarrhoea in Thailand was not fully identifiable at the species level by the cdt gene-based multiplex PCR assay, although the PCR product obtained by cdtB genebased common primers was homologous to the cdtB gene of Campylobacter species. Subsequently, this isolate was identified as C. hyointestinalis by 16S rRNA gene sequence analysis (Samosornsuk et al., 2015) .
In the present study, we sequenced the entire cdt gene cluster and its flanking regions present in the genome of C. hyointestinalis, and extensively characterized the biological activity of its gene products. We show here that C. hyointestinalis produces a new variant of CDT that is biologically active and hence it is likely to be one of the possible virulence factors of this species.
METHODS
Bacterial strains and culture conditions. C. hyointestinalis strain Ch022, isolated from a diarrhoeal patient in Thailand (Samosornsuk et al., 2015) , and C. jejuni strains 81-176 (Pickett et al., 1996) and K328 (Kabir et al., 2011) were used in this study. Campylobacter strains were grown on blood agar [blood agar base no. 2 (Oxoid) supplemented with 5 % (v/v) defibrinated horse blood (Nippon BioSupply Center)] at 37 uC for i2 days under microaerobic conditions (5 % O 2 , 7.5 % CO 2 , 7.5 % H 2 , 80 % N 2 ). Escherichia coli strains JM109 and BL21(DE3) were used for cloning and expression of the ch-cdtA, ch-cdtB and ch-cdtC genes. E. coli strains were grown overnight in Luria-Bertani broth (LB; Becton Dickinson) at 37 uC with shaking. Where needed, LB was supplemented with 30 mg kanamycin ml 21 .
DNA preparation. DNA was purified from C. hyointestinalis strain Ch022 cultured on blood agar by using an Isoplant DNA Extraction kit (Nippon Gene). Quantity and purity of the purified DNA were evaluated by measuring A 260 and A 280 , respectively, using a GeneQuant spectrophotometer (GE Healthcare).
Genome walking. Details of the various primers used in this study are given in Table S1 (available in the online Supplementary Material). Genome walking was performed to determine the nucleotide sequence of the cdt gene cluster and its flanking regions as described previously, with slight modifications (Asakura et al., 2007) . In brief, 50 ng genomic DNA was randomly extended for only 1 cycle of 5 min at 94 uC, 30 s at 30 uC and 30 s at 72 uC, with 0.4 mM random primer, 0.2 mM dNTP mixture (TaKaRa), 1| Ex Taq DNA polymerase buffer (TaKaRa) and 2.5 U Ex Taq DNA polymerase (TaKaRa) in a 25 ml reaction volume. Further PCR amplification was performed with an additional 0.4 mM target primer, 0.2 mM dNTP mixture, 1| Ex Taq DNA polymerase buffer and 7.5 U Ex Taq DNA polymerase in a 100 ml reaction volume. The cycling parameters were as follows: 94 uC for 30 s, 60 uC for 30 s and 72 uC for 1 min for 35 cycles, with a final extension time of 5 min. The amplified fragments were sequenced with sequence primers (Table S1 ).
DNA sequencing. The sequencing reaction was performed by the chain termination method with the BigDye Terminator v1.1 Cycle Sequencing kit (Life Technologies). The nucleotide sequence was determined using an ABI Prism 3100-Avant Genetic Analyzer (Life Technologies). The sequences obtained in this study were analysed using DNA Lasergene software (DNASTAR). Homology searches were performed using BLAST and FASTA programs, made available by the National Center for Biotechnology Information. Amino acid sequence alignment was analysed by CLUSTAL W of MegAlign (DNASTAR). The signal peptides were predicted by SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/).
Preparation of bacterial cell lysate. Bacterial cells were cultured as described above, harvested and suspended in sterile PBS. The OD 600 was adjusted to 10 and the suspension was sonicated two or three times for 1 min each with 1 min intervals, keeping the tube on ice and using a hand-held sonicator (UR-20P; Tomy Seiko). The sonicated cell lysate was centrifuged at 12 000 g for 10 min, and supernatant was collected carefully and filtered through a 0.22 mm membrane (Iwaki), diluted with sterile PBS and used for cytotoxicity assay. Cytotoxicity assay. About 5.0|10 3 HeLa cells in 100 ml culture medium were seeded in each well of a 96-well plate (Corning) and 10 ml serially diluted filter-sterilized sonic lysate of C. hyointestinalis strain Ch022 was added, followed by incubation under 5 % CO 2 in air at 37 uC. Lysates of C. jejuni strains 81-176 (Pickett et al., 1996) and K328 with 667 and 51 bp deleted regions in the cdt gene cluster (Kabir et al., 2011) were used as positive and negative controls, respectively. After 48 and 120 h of incubation, cells were stained with Giemsa solution by using Diff-quick (Sysmex) and cytotoxic effects were observed by microscopy (Leica DMI6000 B; Leica Microsystems). CDT titre was determined as the reciprocal of the highest dilution that resulted in cytoplasmic distension in w50 % of cells. For the neutralization assay, the filter-sterilized sonic lysate of C. hyointestinalis strain Ch022 was diluted 128 times with sterile PBS. Aliquots of 5 ml of each of the anti-rCh-CdtB sera and diluted filter-sterilized bacterial lysates were mixed thoroughly, followed by pre-incubation at 37 uC for 30 min; the mixture was the added to HeLa cell culture and incubated for 48 h as described above.
Analysis of cell cycle inhibition. About 2.5|10 5 HeLa cells in 4 ml culture medium were seeded in a 25 cm 2 flask (Corning) and 100 ml of each sample was added, followed by incubation under 5 % CO 2 in air at 37 uC. After 24 h incubation, the cells were collected and fixed with 70 % ethanol on ice for 1 h, followed by staining with propidium iodide (50 mg ml 21 ) in PBS containing 0.25 mg RNase A ml
21
(Sigma) at 4 uC for 30 min under dark conditions. Flow cytometry analysis of DNA content of cells was performed with a FACSCalibur flow cytometer (Becton Dickinson) and 10 000 events were collected. Cell cycle analysis was performed using Cell Quest Pro software (Becton Dickinson).
Phosphorylation of the histone H2AX. About 1.0|10 4 HeLa cells in 200 ml culture medium were seeded on a glass slide (eight-well LabTek II Chamber slide system; Nalge Nunc) and allowed to adhere for 24 h. Cells were incubated with 10 ml of each sample at 37 uC for 16 h under 5 % CO 2 in air. Cells were fixed with 3.7 % formaldehyde in PBS for 10 min, followed by treatment with 0.5 % Triton X-100 for 20 min and 1.0 % BSA in PBS for 30 min. c-H2AX in HeLa cells was stained with anti-phospho-histone-H2AX (Ser139) polyclonal antibody (Enzo Life Sciences) at 37 uC for 30 min and Alexa Fluor 488-conjugated goat anti-mouse IgG antibody (Life Technologies) at 37 uC for 1 h. Intracellular F-actin was stained with Alexa Fluor 546-conjugated phalloidin (Life Technologies) at 37 uC for 1 h. Fluorescence was observed under an epifluorescence DM2500 microscope (Leica Microsystems).
Preparation of recombinant protein. Each of the ch-cdtA, ch-cdtB and ch-cdtC genes was PCR-amplified using the genomic DNA of C. hyointestinalis strain Ch022. PCR primers and conditions are described in Table 1 . Oligonucleotide primers were obtained from GeneDesign. The PCR mixture contained 0.5 mM primers, 1 ml of template DNA, 0.2 mM each dNTP mixture, 1| Ex Taq DNA polymerase buffer and 1.0 U Ex Taq DNA polymerase in a 40 ml reaction volume. The amplified DNA fragments were digested with EcoRI or BamHI and XhoI, and cloned downstream of the His 6 -tag sequence of the pET28a+ vector (Novagen). Bacterial culture was diluted 100 times with fresh medium and incubated at 37 uC. IPTG was added to a final concentration of 0.1-1.0 mM after reaching a culture OD 600 of 0.3-0.5 and incubation was continued at 37 uC for 3 h with vigorous shaking. E. coli cells were harvested by centrifugation at 6000 g at 4 uC for 15 min. For the purification of recombinant rCh-CdtA or rCh-CdtC, bacterial cells were suspended in PBS, sonicated on ice using an Astrason ultrasonic processor (Heat SystemUltrasonics) and then centrifuged at 48 000 g for 20 min at 4 uC. The inclusion bodies were solubilized in 50 mM Tris/HCl (pH 7.8) containing 8 M urea and 500 mM NaCl, and refolded by step-wise dialysis to 1 M urea at 4 uC for 6 h. The sample was centrifuged at 48 000 g for 20 min at 4 uC and the supernatant was applied to Ni Sepharose 6 Fast Flow (GE Healthcare) equilibrated with 50 mM Tris/HCl (pH 7.8) containing 1 M urea and 500 mM NaCl. After washing the column, protein was eluted with 50 mM Tris/HCl (pH 7.8) containing 200 mM imidazole, 1 M urea and 500 mM NaCl. For the purification of rCh-CdtB, bacterial cells were suspended in 50 mM Tris/HCl (pH 8.0) containing 150 mM NaCl and 50 mM imidazole, sonicated as described above, and centrifuged at 15 000 g for 15 min at 4 uC. Supernatant was applied to Ni Sepharose 6 Fast Flow (GE Healthcare) and the rCh-CdtB protein was eluted with 50 mM Tris/HCl (pH 8.0) containing 150 mM NaCl and 200 mM imidazole. It was further purified by gel filtration using Superdex G75 (GE Healthcare). Purity of the rCh-CdtB protein was further checked by SDS-PAGE.
Preparation of antiserum. Anti-rCh-CdtB antibody was generated by immunizing an 8-week-old male New Zealand white rabbit (Oriental Yeast) with His-tagged rCh-CdtB fusion protein. Briefly, 100 mg purified rCh-CdtB was injected into four sites: subcutaneously into the shoulders with an equal volume of Freund's complete adjuvant (Becton Dickinson) on day 0 and 100 mg purified rCh-CdtB with an equal volume of Freund's incomplete adjuvant (Becton Dickinson) at 1 week after the first immunization. Then, at 4, 5, 6, 7, 8 and 9 weeks after the first immunization, 250 mg purified rCh-CdtB was injected into the same sites with an equal volume of Freund's incomplete adjuvant (Becton Dickinson). After the last immunization, the rabbit was boosted intravenously with 25 mg purified rCh-CdtB. After 3 days, the rabbit was anaesthetized with ketamine [35 mg (kg body weight) 21 ] and xylazine [5 mg (kg body weight) 21 ], blood was collected, and serum was obtained by centrifugation at 1500 g for 10 min. All animal experiments were performed according to the Guidelines for Animal Experimentation of Osaka Prefecture University and approved by the Animal Experiment Committee of Osaka Prefecture University. Ouchterlony gel diffusion test. The titre of antiserum against rChCdtB was determined by using an Ouchterlony double-gel diffusion test as described previously (Yutsudo et al., 1987) . Briefly, the doublegel diffusion test was carried out with 1.2 % Noble agar (Becton Dickinson) in 50 mM Tris/HCl buffer (pH 8.0) containing 150 mM NaCl. A sample of 2 mg rCh-CdtB in PBS was added in the central hole and serially diluted antiserum against rCh-CdtB was applied to the peripheral holes, followed by incubation of the plate in a humidified chamber at room temperature for *16-24 h. The plate was stained with 0.5 % Coomassie brilliant blue dissolved in a solution of 50 % methanol and 10 % acetic acid in distilled water, and destained with the same solution without Coomassie brilliant blue. The antiserum titre was defined as the highest dilution of serum that yielded a visible precipitation line by Coomassie brilliant blue staining. Similarly, antigenicity of rCh-CdtB was compared with that of rCj-CdtB. For this purpose, rCj-CdtB protein and antiserum against this protein (anti-rCj-CdtB) were prepared as described previously (Nakajima et al., 2012) . Again, 2 mg of rCh-CdtB or rCj-CdtB protein in PBS was placed in the central hole and their antigenicity was tested by using dilutions of anti-rCh-CdtB or anti-Cj-CdtB in the peripheral wells.
Western blotting. For Western blotting, 5 ml of each sample was analysed by 15 % SDS-PAGE. After electrophoresis, the gel was stained with Coomassie brilliant blue or blotted to a PVDF membrane (pore size 0.45 mm; Merck) using a semi-dry transfer cell (Trans Blot SD, Bio-Rad). Molecular mass of the reactive band was estimated by the molecular mass marker Daiichi II (Daiichi Pure Chemicals) or pre-stained SDS-PAGE standards, broad range (Bio-Rad). Then, the membrane was blocked with PBS containing 4 % Block Ace (DS Pharma Biomedical) at 4 uC overnight. The membrane was treated with anti-rCh-CdtB serum, which was diluted 40 000 times with PBS-T (0.01 % Tween-20 in PBS) containing 0.4 % Block Ace at room temperature for 2 h. The membrane was then incubated with 3000 times diluted horseradish peroxidase-labelled goat anti-rabbit IgG solution (BioSource) in PBS-T containing 0.4 % Block Ace at room temperature for 1 h. After washing, reactive protein was developed by using 4CN Plus reagent (PerkinElmer) as described by the manufacturer.
Reconstitution of CDT holotoxin. The concentration of each rChCdtA, rCh-CdtB and rCh-CdtC was measured by the Bradford assay and adjusted to 100 mg ml 21 . Subsequently, each recombinant protein was mixed at a ratio of 1 : 1 : 1 (w/w/w). The sample was dialysed against 50 mM Tris/HCl (pH 7.8) containing 6 M urea and 100 mM NaCl at 4 uC for 3 h. Then, the sample was dialysed against 50 mM Tris/ HCl (pH 7.8) containing 100 mM NaCl, 10 % glycerol (v/v), 2 mM EDTA and 5 mM DTT with 2 M urea at 4 uC for 16 h, followed by dialysis with the same buffer containing 1 M urea for 3 h and without urea for 3 h. Finally, the sample was dialysed against PBS at 4 uC and concentrated to six times by using an Amicon Ultra-4 Centrifugal Filter Unit (Merck) and filtered through a 0.2 mm membrane (Merck). Each recombinant protein was also mixed without urea and dialysed against PBS at 4 uC. The sample was used as a control for the cytotoxicity assay.
Cytotoxicity assay with reconstituted Ch-CDT holotoxin. About 2.5|10 3 HeLa, CHO, Caco-2, Vero, HEp-2 and INT 4 07 cells, and 5.0|10 3 Y-1 and NIH/3T3 cells were seeded in each well of a 96-well plate. Each cell line was incubated with 10 ml of each sample at 37 uC under 5 % CO 2 in air. After 120 h cultivation, cytotoxic effects were observed by microscopy as described above. For the c-H2AX assay, *2.0|10
3 HeLa cells were seeded on a glass slide and incubated with 20 ml of each sample under 5 % CO 2 in air at 37 uC for 48 h. Phosphorylated H2AX and the intracellular F-actin were visualized as described above.
RESULTS
Nucleotide sequence analysis of the cdt gene cluster in C. hyointestinalis
The nucleotide sequence of the cdt gene cluster in C. hyointestinalis strain Ch022, an isolate from a patient with diarrhoea in Thailand (Samosornsuk et al., 2015) , was analysed by genome walking. A 13 965 bp DNA sequence including the entire cdt gene cluster and its flanking regions was determined as described in Fig. 1 and Table 2 . Three ORFs (ORF8-10) were identified, which were 798, 804 and 537 bp long, and coded for Ch-CdtA (265 aa long), Ch-CdtB (267 aa long) and Ch-CdtC (178 aa long), respectively. The gene for glycosyltransferase (ORF7) comprising 738 bp encoding a 245 aa long protein was located in the upstream region of the ch-cdtA gene, whereas the gene for sugar transferase (ORF11) with 660 bp (219 aa) was located downstream of the ch-cdtC gene. None of the genes, which are known to be associated with horizontal gene transfer, was detected in the flanking regions.
The putative amino acid residues that are important for the metal-binding site (E61, D188, D258), catalysis (E87, H155, D225, H259) and binding to DNA (R114, R139, N190) were completely conserved, as shown in Fig. S1 . Identification of CDT in C. hyointestinalis In particular, two histidine residues (H155, H259) reported to be critical for toxin activity were also conserved. Comparison of the nucleotide and deduced amino acid sequences of mature CDT proteins between C. hyointestinalis and other Gram-negative bacteria, including Campylobacter species, are summarized in Table S2 . Whilst the deduced amino acid sequence of mature Ch-CdtA showed homology (38.9 %) to that of CdtA of C. coli, the sequences of Ch-CdtB and Ch-CdtC proteins exhibited 65.7 and 33.1 % homologies with CdtB and CdtC of C. upsaliensis, respectively.
Effect of sonic lysate of C. hyointestinalis on HeLa cells
HeLa cells were treated with filter-sterilized sonic lysate of C. hyointestinalis strain Ch022. As a positive control, lysate of C. jejuni strain 81-176 was used. After 48 h incubation with the sample or control, distension of HeLa cells was checked and cells were incubated up to 120 h. The treated HeLa cells showed multi-nuclei formation and death (Fig. 2) . Titre of CDT was determined as the reciprocal of the highest dilution that resulted in cytoplasmic distension in w50 % of cells. CDT titres of C. hyointestinalis strain Ch022 and C. jejuni strain 81-176 were 256 and 1024, respectively. The filter-sterilized sonic lysate of C. jejuni strain K328, which was devoid of CDT production and used as a negative control, did not show any morphological changes of HeLa cells (Fig. 2 ). Furthermore, we tested DNA contents of HeLa cells after treatment with the lysates for 24 h. Lysates of C. hyointestinalis strain Ch022 and C. jejuni strain 81-176 indeed caused arrest of the cell cycle at the G 2 /M phase, but the lysate of CDTnegative C. jejuni strain K328 did not (Fig. 3) .
It was shown previously that CDT can cause phosphorylation of the histone H2AX, a sensitive marker for double-strand DNA breaks (Li et al., 2002; Shima et al., 2012) . We examined if the filter-sterilized lysate of C. hyointestinalis strain Ch022 was able to phosphorylate H2AX. When phosphorylated H2AX was visualized by direct immunofluorescence using antibody against c-H2AX, a strong nuclear signal was detected in HeLa cells treated with the lysate of C. hyointestinalis strain Ch022 and a similar result was observed when HeLa cells were treated with the lysate of C. jejuni strain 81-176, which was used as a positive control (Fig. 4) . Taken together, the results strongly suggested that C. hyointestinalis strain Ch022 indeed produced a functional CDT.
Immunological relations between recombinant Ch-CdtB and Cj-CdtB
To further confirm whether C. hyointestinalis strain Ch022 produce CDT, we attempted to raise an antibody against rCh-CdtB for Western blotting and cytotoxic assay. For this purpose, a ch-cdtB gene was cloned and expressed in E. coli as rCh-CdtB with a His 6 -tag (see Methods). Purified rCh-CdtB was subjected to SDS-PAGE and two bands of *30 and 60 kDa were observed (data not shown).
To confirm if the 60 kDa protein was the dimeric form of rCh-CdtB, SDS-PAGE containing 8 M urea was employed. The band corresponding to 60 kDa mostly disappeared, suggesting that the 60 kDa protein may be a dimeric form of rCh-CdtB (data not shown). Fig. 3 . Effect on the cell cycle distribution of HeLa cells. HeLa cells were incubated for 24 h with the filter-sterilized sonic lysate of (a) C. hyointestinalis strain Ch022, (b) C. jejuni strain 81-176 or (c) C. jejuni strain K328. The sonic lysates of C. hyointestinalis stain Ch022 and C. jejuni strain 81-176 were diluted with PBS to adjust the toxin titre of both to ,16 for further use. The cell cycle distribution of 10 000 cells was determined by flow cytometry and representative results are shown. The mean¡SD percentages of cells in each cell cycle phase calculated with three independent experiments are indicated. The purified rCh-CdtB was used to immunize a rabbit and the titre was determined by the Ouchterlony gel diffusion test. A precipitate was formed until the serum was diluted up to 64 times (data not shown). When the specificity and immunological properties of the antiserum were evaluated by the Ouchterlony double-gel diffusion test with rCj-CdtB and anti-rCj-CdtB serum (Nakajima et al., 2012) , rChCdtB formed a precipitate with anti-rCh-CdtB serum, but not with anti-rCj-CdtB serum (Fig. 5) . Similarly, rCj-CdtB formed a precipitate with anti-rCj-CdtB serum, but not with anti-rCh-CdtB serum, indicating that antirCh-CdtB serum was highly specific to rCh-CdtB and that the Ch-CdtB was immunologically unrelated to the Cj-CdtB.
Specificity of anti-rCh-CdtB serum was also confirmed by Western blotting. Anti-rCh-CdtB serum was reactive to not only rCh-CdtB, but also a band of *30 kDa, corresponding to the size of Ch-CdtB, in the lane where the lysate of C. hyointestinalis strain Ch022 was applied (data not shown). Taken together, these data suggested that anti-rCh-CdtB serum was highly specific and also reactive to Ch-CdtB.
Anti-rCh-CdtB is unable to neutralize Ch-CDT
As production of Ch-CdtB from C. hyointestinalis strain Ch022 was confirmed by Western blotting, we wanted to examine whether CDT activity of the strain could be neutralized with the anti-rCh-CdtB serum. To verify this, the filter-sterilized lysate of C. hyointestinalis strain Ch022 was pretreated with anti-rCh-CdtB serum and incubated with HeLa cells. Examination of HeLa cells indicated G 2 /M cell cycle arrest and distension of cells after 24 and 48 h of incubation, respectively. Similar results were observed when HeLa cells were treated with the C. hyointestinalis lysate only (data not shown). These data indicated that the cytotoxic activity of CDT of C. hyointestinalis strain Ch022 could not be neutralized by anti-rChCdtB serum.
Biological activity of reconstituted Ch-CDT holotoxin
To further confirm that the products of the cdt genes of C. hyointestinalis strain Ch022 were biologically active, we attempted to reconstitute holotoxin using recombinant proteins of each subunit. For this purpose, each of the His 6 -tagged rCh-CdtA, rCh-CdtB and rCh-CdtC proteins was expressed in E. coli, followed by purification by Ni Sepharose 6 Fast Flow chromatography. Each of the purified Ch-Cdt subunits was mixed in a ratio of 1 : 1 : 1 (w/w/w) and denatured with 6 M urea. The sample was refolded with step-wise dialysis proceeding from 6 to 0 M urea (see Methods). As a negative control, each subunit was just mixed and dialysed against PBS. When incubated with HeLa cells, the reconstituted CDT exhibited distension of HeLa cells, whereas the control sample did not show any morphological change in HeLa cells (Fig. 6) . The CDT titre of reconstituted rCh-CDT against HeLa cells was 4. Furthermore, a strong nuclear signal was detected in HeLa cells treated with the filter-sterilized reconstituted rCh-CDT sample when phosphorylated H2AX was visualized by direct immunofluorescence using antibody against c-H2AX (data not shown). These data suggested that the reconstituted rCh-CDT of C. hyointestinalis was indeed functional. We also evaluated the effect of reconstituted rCh-CDT on seven other cell lines, i.e. CHO, Caco-2, Vero, HEp-2, INT 407, Y-1 and NIH/3T3. However, amongst these cell lines only Caco-2 cells showed distension with the reconstituted rCh-CDT after 120 h cultivation (Fig. 6) . The CDT titre of reconstituted rCh-CDT against Caco-2 cells was 2.
DISCUSSION
In this study, demonstration of a biologically active variant of CDT produced by C. hyointestinalis is significant, given that the virulence mechanism of this species is still unclear despite the fact that increasing numbers of C. hyointestinalis have been isolated from patients with gastroenteritis worldwide. Since CDT was first described as a novel type of toxin produced by certain strains of E. coli (Johnson & Lior, 1987) , production of CDT and detection of cdt genes have been reported in various other bacterial species (Asakura et al., 2007; Hinenoya et al., 2009 Hinenoya et al., , 2014 Matsuda et al., 2008; Shima et al., 2012; Yamasaki et al., 2006) . C. hyointestinalis was first identified as a possible causative agent of proliferative enteritis in pigs (Gebhart et al., 1983) . In that study, 17 C. hyointestinalis strains were isolated from 27 swine with proliferative ileitis. Subsequently, Ouchterlony double-gel diffusion tests with purified rCh-CdtB (rCh) and purified rCj-CdtB (rCj) using anti-rCj-CdtB serum (aCj) and anti-rCh-CdtB serum (aCh) were carried out as described in Methods.
Identification of CDT in C. hyointestinalis C. hyointestinalis was isolated and detected from various animals, including pig (Gebhart et al., 1983 (Gebhart et al., , 1985 (Gebhart et al., , 1990 Gorkiewicz et al., 2002) , cattle (Gebhart et al., 1985; Oporto & Hurtado, 2011) , dog (Chaban et al., 2010) , hamster (Gebhart et al., 1985) , monkey (Russell et al., 1992) , sheep (Oporto & Hurtado, 2011) , deer (Hill et al., 1987) and reindeer (Hänninen et al., 2002) . Based on these findings C. hyointestinalis was thought to be a pathogen to animals, in particular pigs. In 1986, however, isolation of C. hyointestinalis was first reported from a human with proctitis in the USA (Fennell et al., 1986) . Since then, a number of C. hyointestinalis strains have also been isolated from human patients with diarrhoea, particularly from children, in several developed countries (Bullman et al., 2012; Edmonds et al., 1987; Gorkiewicz et al., 2002; Inglis et al., 2011; Lastovica & Le Roux, 2000; Minet et al., 1988; Vandenberg et al., 2006) . C. hyointestinalis was also isolated from the blood of patients with bacteraemia (Lastovica, 1996) . These data suggest that C. hyointestinalis could be an emerging zoonotic pathogen associated with gastroenteritis as well as extra-intestinal infections. However, no possible virulence factor has so far been demonstrated from C. hyointestinalis except for one from Japan. Ohya & Nakazawa (1992) have reported that some C. hyointestinalis strains isolated from swine with proliferative enteritis produce a cytotoxin. However, it is not clear if the cytotoxin they observed was CDT or not.
In this study, we were able to identify the cdt gene cluster in the genome of C. hyointestinalis strain Ch022 and nucleotide sequence analysis of this cluster revealed the presence of three physically linked genes, which are homologous to cdtA, cdtB and cdtC genes of other Campylobacter species (Fig. 1 , Table 1 ). The cdtA (798 bp), cdtB (804 bp) and cdtC (537 bp) of C. hyointestinalis code for Ch-CdtA (265 aa), Ch-CdtB (267 aa) and Ch-CdtC (178 aa) mature proteins, respectively. In addition, seven and six ORFs were identified in upstream and downstream regions of the cdt gene cluster, respectively. However, none of these genes appeared to be related to horizontal gene transfer. The deduced amino acid sequence homology between Ch-CdtA and CdtAs of other Campylobacter species (C. jejuni, C. coli, C. fetus, Campylobacter lari and C. upsaliensis) is only 26.2-38.9 %, and for Ch-CdtB and Ch-CdtC 59.7-65.7 and 27.4-33.1 %, respectively (Table S2 ). These data indicated that CDT produced by C. hyointestinalis is a novel variant. Sonic lysate of the C. hyointestinalis strain Ch022 caused distension and death of HeLa cells. However, this activity was not neutralized by anti-rCh-CdtB serum. This could be due to two reasons: (i) Ch-CDT might not be produced, but another toxin having CDT-like activity was produced, and (ii) anti-rCh-CdtB serum might not have a neutralizing activity. As anti-rCh-CdtB serum could be clearly reactive to rCh-CdtB, as well as the corresponding size protein in the lysate of C. hyointestinalis strain Ch022 by Western blotting (data not shown), Ch-CDT is most probably produced. Although we attempted to clone the entire cdt genes and express the CDT holotoxin in E. coli, we were unsuccessful and unable to demonstrate CDT activity. Therefore, we attempted to reconstitute Ch-CDT holotoxin with each subunit of recombinant proteins under in vitro conditions and examine its biological activity. A biologically active holotoxin was successfully reconstituted in the presence of 6 M urea (Fig. 6 ). However, we were unable to reconstitute a biologically active holotoxin in the absence of 6 M urea, indicating that CDT activity shown by reconstituted holotoxin in the presence of 6 M urea is due to the reconstituted holotoxin and not due to contamination during preparation of reconstituted holotoxin. We demonstrated the cytotoxic effects of this reconstituted Ch-CDT against at least HeLa and Caco-2 cells (Fig. 6) .
It has been shown that anti-rCj-CdtB serum is reactive against both rCj-CdtB and rCdtB of C. lari (rCl-CdtB) (Nakajima et al., 2012) , indicating Cj-CdtB is immunologically related to Cl-CdtB. However, an Ouchterlony doublegel diffusion test showed that anti-rCh-CdtB serum was reactive to rCh-CdtB, but not to rCj-CdtB, whilst antirCj-CdtB serum was reactive to rCj-CdtB, but not to rChCdtB (Fig. 5 ). These observations revealed that Ch-CdtB is immunologically unrelated to Cj-CdtB, indicating that Ch-CDT is unique not only at the amino acid sequence level, but also in terms of immunological properties.
The exact role of CDT in bacterial pathogenesis remains unclear. However, several reports have suggested that CDT could contribute to the pathogenesis of bacteria in vivo and in vitro (Hickey et al., 2000; Jain et al., 2008; Okuda et al., 1997; Purdy et al., 2000; Young et al., 2004) . For example, Cj-CDT induced release of a proinflammatory cytokine, IL-8, from intestinal cell line INT 407 (Hickey et al., 2000) . Purdy et al. (2000) reported that CDT in C. jejuni might be important for invasiveness of C. jejuni into blood, spleen and liver tissue. CDT in Helicobacter hepaticus might be involved in inflammatory bowel disease in IL-10 2/2 mice (Young et al., 2004) . Jain et al. (2008) reported that CDT-producing C. jejuni not only more strongly adhered to and invaded HeLa cells, but also caused severe pathology in various parts of the gastrointestinal tract, in particular the colon, when culture supernatant was orally inoculated into mice in comparison with that of CDT-non-producing C. jejuni. These observations suggest that CDT may act as a virulence factor. In this respect, we expect that the finding of this study will help in designing further studies on the pathogenic mechanisms of C. hyointestinalis. In addition, the immunological distinctiveness of the CDT produced by C. hyointestinalis further raises the importance of this species as an important emerging zoonotic pathogen.
In conclusion, we showed that a C. hyointestinalis strain isolated from a patient with diarrhoea harbours a novel cdt gene cluster and produces a biologically active Ch-CDT with unique amino acid sequences. Ch-CDT produced by C. hyointestinalis may be a possible virulence factor of this organism. However, we are not ruling out the possibility that C. hyointestinalis could produce another toxin having CDT-like activity.
